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Anisotropic covalent bonds in KNbO3 observed by resonant x-ray scattering
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The resonant x-ray scattering technique was applied to study the directional covalent bonds~orbital order-
ing! in KNbO3 associated with ferroelectricity by scanning the incident x-ray energy through theK edge of
niobium. The orbital ordering was determined by measuring the real part of the x-ray anomalous dispersionf 8,
with the photon polarization parallel and perpendicular to the orbital ordering vector. The orbital characteristics
were assessed through the dependence off 8 on the momentum transfer,Q, since the matrix element for the
quadrupolar transition into thed states is dependent onQ, while that for the dipolar transition into thep state
is not.
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I. INTRODUCTION

In the last decade major progress in the theory of fer
electricity has led to a better understanding of electronic
larization in ferroelectrics due to the directional covalency
the metal-oxygen bonds.1–3 While the directional covalen
bonds can be observed by x-ray absorption spectrosc
~XANES!,4 the orbital character of the bond cannot be det
mined by XANES. On the other hand, resonant x-ray sc
tering ~RXS! has been successfully applied to determine
orbital and charge ordering in complex oxides such
manganites5–8 and V2O3.9 The purpose of this work is to
apply the resonant x-ray scattering to observe orbital ord
ing associated with the ferroelectric ordering,10 by using
KNbO3 as a model system. Ideally, more information on t
electronic structure can be obtained through the x-ray ine
tic scattering~XIS!, but the XIS measurement is extreme
time consuming, and requires an extensive setup. The R
measurement may serve as a preliminary step before the
measurement and provide useful information.

Potassium niobate, KNbO3, is ferroelectric, with a Curie
temperature of 708 K~Ref. 11! due to a strong directiona
bonding between niobium and oxygen. At room temperat
KNbO3 has the structure of orthorhombic symmetry. Stro
directional Nb-O bonds are formed in thea-c plane, whereas
the Nb-O bond along theb axis remains nonbonding an
largely ionic. The Nb-O bonds form zigzag chains, which a
more strongly oriented along thea axis, even though the
ferroelectric polarization is along thec axis. Thus in the
present experiment we measured the anisotro
polarization-dependent spectra of absorption and scatte
with the photon polarization alonga and b axes. The mea-
surements were performed by scanning the incident x
energy through theK edge of niobium. By rotating the singl
crystal around thec axis we can make the incident x-ra
polarization parallel either to the bondinga axis or the non-
bondingb axis.

In the absorption measurements, the real and the im
nary parts of the anomalous dispersion,f 8 and f 9, were de-
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termined by measuring the absorption coefficient and us
the Kramers-Kro¨nig analysis.12 Both f 8 and f 9 exhibited
strong polarization-dependent anisotropy due to compon
of the Nb-O orbital hybridization along thea axis and the
lack of such components along theb axis. We also measure
thermal diffuse scattering to determine the momentu
resolved anisotropy off 8, and compared the results to th
averaged f 8 calculated from the XANES data. Th
momentum-resolved anisotropy was qualitatively similar
that observed in the absorption measurements, but show
scattering momentum dependence~shift in energy!. It is
demonstrated that momentum-resolved resonant x-ray s
tering measurements can probe the orbital characteristic
the lowest unoccupied states in the conduction band.

II. RESONANT X-RAY SCATTERING

In an elastic scattering experiment, a photon of ene
Ep , momentumq1 , and polarization«1 scatters from the
electronic system in an initial stateui& of energyEi . The
scattered photon has an energyEp , a momentumq2 , and a
polarization «2 . The scattering momentum transfer isQ
5q22q1 , anduQu52uq1usinQ52uq2usinQ, where 2Q is the
scattering angle. The electronic system is left in a final st
^fu with energyEf . The total x-ray atomic scattering factor

f ~Q,Ep!5 f 0~Q!1 f 8~Ep!1 i f 9~Ep! ~1!

depends on the incident photon energyEp , and scattering
momentum transferQ. Its energy-independent part is13,14

f 0~Q!5S e2

mc2D ^ f u«2«1rQu i &d~Ei2Ef !, ~2!

where the density operator

rQ5(
j

eiQr. ~3!
©2002 The American Physical Society05-1
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The energy-dependent term~anomalous dispersion! becomes
important only when the incident photon energy is tuned
the binding energy of a core state near the absorption e
that isEp;En2Ei , since13,14

f 8~Ep!1 i f 9~Ep!5S e2

mc2D S 1

mD(
n

3
^ f uPq2

1 «2un&^nuPq1
«1u i &

En2Ei2Ep1 iG
d~Ei2Ef !.

~4!

Here un& is the intermediate excited state,G is the inverse of
the lifetime of the state, and the momentum operator is gi
by

Pq5(
j

pje
iqr. ~5!

If the intermediate states are anisotropic~for example, due
to ferroelectric polarization!, this should manifest itself in the
anisotropy of both real and imaginary parts of anomalo
dispersion.10 Furthermore, this anisotropy may depend on
photon momentum due to selection of the intermedi
states. For instance at theK edge the initial and final state
are the 1s state, and the matrix element in Eq.~4! is, from
Eq. ~5!,

^nuPq1
«1u i &;(

j
^w~r !ueiq1r«1pj u1s&

;(
j

^w~r !ueiq1r«1r j u1s&, ~6!

wherew(r ) is the intermediate orbital state, such aspx , py ,
or dx22y2 . The exponential terms in the matrix elements c
be expanded in a power series,eiqr512 iqr1(1/2!)(iqr )2

1¯ , so the matrix elements that have to be considered
the dipolar terms,̂ pxu«r u1s& and ^pyu«r u1s&, and the qua-
drupolar term, ^dx22y2u(qr )(«r )u1s&. While the dipolar
terms are independent ofq, the quadrupolar terms do depen
on q. This difference provides us with the ability to dete
mine the orbital character of the intermediate state, as
show below.

III. EXPERIMENT

A polled single crystal of KNbO3, approximately 535
35 mm3 in size, was purchased from GB Group Inc. T
faces of the crystal were perpendicular to the orthorhom
axesa, b, andc. Preliminary measurements were carried o
at beamline X25 at National Synchrotron Light Source
Brookhaven National Laboratory. Principal part of measu
ments was performed at the Complex Materials Collabo
tive Access Team~CMC-CAT! beamline 9ID at the Advance
Photon Source~APS! at Argonne National Laboratory. Th
APS undulator beamline 9ID consists of a double-crysta
~111! monochromator cooled by liquid nitrogen, a focusi
mirror, and a flat harmonic rejection mirror. The incide
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beam is almost completely linearly polarized. Both the u
dulator and monochromator were set for the energy near
K edge of Nb~about 18.987 keV!. The incident photon en-
ergy resolution was about 1.5 eV. For the XANES measu
ment the single crystal was placed almost perpendicula
the incident beam~the normal to its surface was rotated by
away from the beam!. The absorption was measured by t
fluorescence yield by a detector placed at 3° away from
surface, perpendicular to the incident beam. In this geome
the change in the penetration depth does not affect the fl
rescence yield, thus, self-absorption effects are minimal.15,16

We used a Ge solid-state detector with a full width at h
maximum resolution of 260 eV at 20 keV, which allowe
separating the contribution from NbKa fluorescence (E
516.568 keV). XANES data were corrected for the detec
dead time and normalized to the incident beam inten
measured by the ion chamber.

The setup for the diffraction measurements is shown sc
matically in Fig. 1. The Bragg reflections along thec axis,~0,
0, 8!, ~0, 0, 10!, and~0, 0, 12!, were measured. By rotatin
the single-crystal around thec axis the same Bragg reflectio
can be measured with the incident photon polarization« par-
allel either to the bondinga axis or the nonbondingb axis. In
order to determinef 8 we measured the thermal diffuse sca
tering ~TDS!, since the Bragg peaks were highly irregular
shape due to a highQ resolution, which made it difficult to
integrate the intensity over the Bragg peaks accurately.
each of the two sample orientations a series of TDS spe
over the same range ofQ were collected at various inciden
energies near theK edge of Nb. Similar to XANES data
TDS data were corrected for the detector dead time and
malized to the incident beam intensity. The NbKb fluores-

FIG. 1. The setup for the resonant scattering measurements
rotating the single crystal around thec axis the same Bragg reflec
tion can be measured with the incident photon polarization para
either to the bondinga axis or the nonbondingb axis.
5-2
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ANISOTROPIC COVALENT BONDS IN KNbO3 . . . PHYSICAL REVIEW B66, 224105 ~2002!
cence (E518.791 keV) could not be resolved directly, so t
TDS data were corrected by means of point-to-point subt
tion of the NbKa fluorescence multiplied by a factor of 0.2
that accounts for theKa /Kb intensity ratio and the differenc
in x-ray absorption coefficients forE(Ka) andE(Kb).

IV. RESULTS AND DISCUSSION

KNbO3 has a structure belonging to the perovskite fam
and exhibits the same sequence of phase transitions a
isomorphous analog, BaTiO3 . On cooling from high tem-
perature its cubic symmetry is reduced to tetragonal, ort
rhombic, and eventually rhombohedral. Unlike tetrago
BaTiO3 , KNbO3 is orthorhombic at room temperature, wi
the space groupBmm2 and the lattice parametersa
55.695 Å, b53.973 Å, andc55.721 Å.17,18 The a and c
axes are parallel to the pseudocubic~perovskite! face diago-
nals, and theb axis is parallel to the pseudocubic edge. T
overall ferroelectric polarization vector is parallel toc, the
long diagonal of the pseudocubic face, whereas the lo
Nb-O bonds are in thea-c plane and are close to@101# ortho-
rhombic~@100# pseudocubic! direction. The elongation of the
c axis and the shortening of thea axis with respect to the
cubic face diagonal result from the displacements of the
roelectrically active niobium and oxygen ions in thea-c
plane, as shown in Fig. 2. The niobium-oxygen orbital h
bridization in the ferroelectric state is associated with
formation of bonding states in thea-c plane. Conversely, the
atomic arrangement along theb axis ~out-of-plane direction
in Fig. 2! remains unchanged compared to that in nonfer
electric cubic KNbO3, and the Nb-O bond along theb axis
remains nonbonding~largely ionic!.

In order to determine the polarization dependence of
imaginary part of the anomalous dispersion the XANES d
obtained with the incident x-ray polarization«, parallel ei-
ther to the bondinga axis or the nonbondingb axis, were
normalized to the calculated values off 9 ~Ref. 19! in KNbO3
below (E518.950 keV) and above (E519.050 keV) the Nb
edge. The resulted polarization-dependentf 9 exhibits two
pronounced anisotropic features as shown in Fig. 3~bottom!.
The anisotropy beyond 19.00 keV is due to the atomic str
ture ~crystal field!, whereas the difference in the energ
range of 18.99–19.00 keV with a peak at 18.995 keV refle
the anisotropic Nb-O bonding. The Nb 1s-core electrons can
be excited into the antibonding Nb-O states if the incid
photon polarization has a component in thea-c plane, but not
when it is completely parallel to the nonbonding axisb. No-
tably, while the anisotropy of the data beyondEp
519.00 keV varies with our choice of the high-energy n
malization point, that at lower energy is very closely rep
ducible regardless of the details of the normalization pro
dure. Expectedly, the polarization-dependent real part
anomalous dispersion obtained by performing the Kram
Krönig transformation off 9 ~Ref. 12! also exhibits anisot-
ropy as shown in the top part of Fig. 3. In particular, there
a crossover between the two spectra at approximatelyEp
518.995 keV, where the difference plot changes from ne
tive to positive. Similar to the anisotropy inf 9 at Ep
518.99– 19.00 keV, the position of this crossover is ind
22410
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pendent of the details of the normalization procedure forf 9.
As can be readily seen, the polarization-dependent tra

tion of the Nb 1s-core electrons into the anisotropic an
bonding Nb-O states manifests itself in both the hump in
D f 9 plot and the crossover in theD f 8 plot at the same energ
corresponding to the energy of the antibonding states. In
absence of such states~for instance, in cubic KNbO3 above
the Curie temperature! there would be no anisotropy in th
anomalous dispersion. In the XANES measurement all tr
sitions of 1s-electron into the anti-bonding states ofpx , py ,
anddx22y2 symmetries contribute to anisotropy in thef 8 and
f 9. On the other hand, through the resonant x-ray scatte
experiment it is possible to vary the relative contribution
the transitions into the states with different orbital charact
istics by varying the momentum transfer, and sort them o

While the determination off 8 in the absorption measure
ments is straightforward, obtaining its values from the re
nant x-ray scattering measurements is more difficult. T
TDS data processed as described in Sec. III were fitted w
a Lorentzian functiony5y01A/@11(x2x0)2/B2#, where
parametersx0 , y0 , A, and B were allowed to vary. It was
necessary to include the background parametery0 in order to
account for the contribution from fluorescence that var
with the photon energy and was not fully corrected using

FIG. 2. Niobium-oxygen subsystem in cubic~top! and ortho-
rhombic ~bottom! KNbO3 . The elongation of thec axis and the
shortening of thea axis result from the displacements of the ferr
electrically active niobium and oxygen ions in thea-c plane,
whereas the atomic arrangement along the out-of-planeb axis re-
mains unchanged compared to cubic KNbO3 .
5-3
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procedure described in Sec. III. Figure 4 presents an exam
of the fitting the TDS data collected near the~0, 0, 12! Bragg
reflection at several photon energies. At particular pho
energy, the parameterA(Ep) determined from the fitting is a
measure of the scattering intensity expressed in arbit
units. In order to normalize the data properly, one need
take into account the energy-dependent absorption, whic
a simple symmetrical geometry shown in Fig. 1 reduces
measured scattering intensity by a factor of 0.5/m(Ep). The
absorption coefficient,m(Ep), can be obtained merely b
normalizing the measured XANES data to the calculated
ues ofm(Ep) ~Ref. 19! in KNbO3 below and above the Nb
edge. The absorption coefficient determined in such a wa
anisotropic following the polarization-dependent anisotro
in XANES data. Then for both polarization directions f
each of the three Bragg reflections we performed point
point multiplication ofA(Ep) by 2m(Ep) to obtain the scat-
tering intensityI (Ep), which was corrected for absorption

FIG. 3. The real~top! and imaginary~bottom! parts of the x-ray
anomalous dispersion near the NbK edge in KNbO3 as obtained
from XANES ~with no momentum resolution!. Corresponding dif-
ference plots are shown below to emphasize the polarizat
dependent anisotropy.
22410
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but still expressed in arbitrary units. Finally, in order to e
press the scattering intensity in the absolute electron unit
(e2/mc2)2, it is necessarily to normalize the intensity
u f (Q,Ep)u2 at energiesE1 and E2 , which are sufficiently
away from the edge so that scattering is isotropic. For t
purpose,I (Ep) was multiplied by a scaling factorC deter-
mined from the equations

I ~E1!C5@F01 f 8~E1!#21@ f 9~E1!#2, ~7!

I ~E2!C5@F01 f 8~E2!#21@ f 9~E2!#2, ~8!

where F0 is the energy-independent structure factor
KNbO3. We choseE1518.950 keV andE2519.050 keV,
for which the calculated19 values off 8 and f 9 yield f 8(E1)
521.1203, f 8(E2)520.9925, f 9(E1)50.1525, and
f 9(E2)50.7828 for KNbO3. Once the measured intensity
expressed in the absolute electron units, the energy de
dence off 8 could be determined using~1!.

The difference plots forf 8 obtained by subtracting the
data collected with«ib from those collected with«ia are
shown in Fig. 5 along with the corresponding anisotropy

n-

FIG. 4. The thermal diffuse scattering data collected near the~0,
0, 12! Bragg reflection at several photon energies. The lines are
with four-parameter Lorentzians.
5-4
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ANISOTROPIC COVALENT BONDS IN KNbO3 . . . PHYSICAL REVIEW B66, 224105 ~2002!
f 8(Ep) measured with no momentum resolution by XANE
Similarly to the difference plot obtained by XANES, all th
diffraction difference plots exhibit a minimum, a crossov
where the difference changes from negative to positive, a
maximum. One can see that the diffraction difference pl
exhibit momentum dependence, being shifted downward
energy asQ increases, that is, by increasingQ we access the
intermediate states which are lower in energy.

By using expression~6! we can determine the orbita
characteristics of the intermediate states through the de
dence onQ. The dipolar term for thep orbitals does not
depend on theq, and, therefore, is independent ofQ. The
relative strength of the quadrupolar transition is parame
ized by qa5q(a0 /Z)50.12, where q5uqu5uq1u5uq2u
52p/l. Thus only if the intermediate states are predom
nantly of thed character, the quadrupolar term becomes s
nificant. Considering the orientation ofq1 , q2 , Q, and «
with respect to that of the NbO6 octahedron shown in Fig. 6

FIG. 5. The difference plots forf 8 near the NbK edge in
KNbO3 obtained by subtracting the TDS data collected with«ib
from those collected with«ia. The corresponding anisotropy o
f 8(Ep), measured with no momentum resolution by XANES,
shown for comparison as a line with no symbols. The reference
at E518.995 keV corresponds to the crossover of theD f 8 obtained
by XANES.
22410
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for «ia, it is easy to demonstrate that^dx22y2u(qr )(«r )u1s&
;sinQ, where 2Q is the angle betweenq1 andq2 defined as
Q5(4p/l)sinQ. Therefore, while anomalous dispersion
usually independent ofQ, in the resonant condition when th
photon energyEp corresponds to the energy of thedx22y2

orbital hybridized with oxygenp orbitals, it becomes angu
larly dependent as@ f 8(Ep)1 i f 9(Ep)#;sin2 Q. For Q’s of
~0, 0, 8!, ~0, 0, 10!, and~0, 0, 12!, corresponding values ofQ
are 27°, 35°, and 43°. Thus the contribution of the interm
diated states to resonant scattering increases proportion
to sin2 Q as 0.21, 0.33, and 0.47, whereas the contribution
the intermediatep states remains unchanged. Consequen
the relative contribution of the intermediate states ofd char-
acter grows withQ. It is known from the local-density
approximation calculations of the band structure in KNb3
~Ref. 20! that the lowest unoccupied states in the conduct
band are of predominantlyd character, while those of sub
stantialp character are 3–4 eV above. Therefore, the shif
the characteristic features and the crossover ofD f 8(Ep ,Q)
downward in energy with increasingQ must be due to en-
hancing contribution of the intermediate states ofd character.
Note that in similar geometry one can expect the shift
D f 8(Ep ,Q) upward in energy with increasingQ in a com-
pound where the lowest unoccupied states in the conduc
band are ofp character.

V. CONCLUSION

In this work we used resonant x-ray scattering measu
ments to study the ferroelectric orbital ordering in a mod
ferroelectric, KNbO3. To probe the hybridized niobium
oxygen states absorption and scattering measurements
performed by scanning the incident x-ray energy through
K edge of niobium. A qualitatively similar polarization

e

FIG. 6. The orientation of photon polarization and scatter
vectors with respect to the NbO6 octahedron for«ia. The angle
betweenq1 andq2 is denoted 2Q.
5-5
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dependent anisotropy of the real part of the x-ray anoma
dispersion,f 8, was observed in both x-ray absorption a
resonant scattering measurements. In the latter case, th
isotropy, D f 8(Ep ,Q), exhibited dependence on the scatt
ing momentumQ, shifting downward in energy asQ in-
creased from~0, 0, 8! to ~0, 0, 10! to ~0, 0, 12!. We
concluded that in the geometry we used this shift was du
the increasing relative strength of the quadrupolar transi
into thed states that are lower in energy thanp states. This
measurement demonstrates the possibility of probing the
bital character of the conduction band involved in directio
bonds by assessing the scattering momentum dependen
resonant x-ray scattering.
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